ABSTRACT Background: Effects of alcohol consumption on health and disease are complex and involve a number of cellular and metabolic processes. Objective: We examined the association between alcohol consumption habits and metabolomic profiles. Design: We conducted a cross-sectional study to explore the association of alcohol consumption habits measured by using a questionnaire with serum metabolites measured by using untargeted mass spectrometry in 1977 African Americans from the Jackson field center in the Atherosclerosis Risk in Communities Study. The whole sample was split into a discovery set (n = 1500) and a replication set (n = 477). Alcohol consumption habits were treated as an ordinal variable, with nondrinkers as the reference group and quartiles of current drinkers as ordinal groups with higher values. For each metabolite, a linear regression was conducted to estimate its relation with alcohol consumption habits separately in both sets. A modified Bonferroni procedure was used in the discovery set to adjust the significance threshold (P , 1.9 3 10 24 ). Results: In 356 named metabolites, 39 metabolites were significantly associated with alcohol consumption habits in both discovery and replication sets. In general, alcohol consumption was associated with higher levels of most metabolites such as those in amino acid and lipid pathways and with lower levels of g-glutamyl dipeptides. Three pathways, 2-hydroxybutyrate-related metabolites, g-glutamyl dipeptides, and lysophosphatidylcholines, which are considered to be involved in inflammation and oxidation, were associated with incident cardiovascular diseases. Conclusions: To our knowledge, this is the largest metabolomic study thus far conducted in nonwhites. Metabolomic biomarkers of alcohol consumption were identified and replicated. The results lend new insight into potential mediating effects between alcohol consumption and future health and disease.
INTRODUCTION
Benefits of moderate alcohol consumption for the prevention of heart disease have been reported in observational studies (1, 2) , but evidence from clinical trials has been lacking (1) . In contrast, harms associated with heavy alcohol use are well established (3, 4) . Regardless of whether the effects are beneficial or harmful, physiologic effects of alcohol consumption on health and disease are complex and involve a number of cellular and metabolic processes (5) . Only a few studies have explored the effects of alcohol consumption habits on health and disease in African Americans, most of which concluded that associations of alcohol consumption with health and disease may not be consistent with those observed in whites (6) (7) (8) .
Metabolomics hold promise for novel biomarker discovery and development of an improved understanding of underlying exposure-disease relations. Metabolomic approaches have rarely been used in alcohol-related research (5) . Therefore, we explored cross-sectional associations of multiple named metabolites quantified by an untargeted high-throughput mass spectrometry-based protocol with alcohol consumption habits and, in addition, longitudinal associations of selected alcoholrelated metabolites with future cardiovascular diseases in a wellcharacterized, population-based sample of African Americans from the Atherosclerosis Risk in Communities (ARIC) 4 Study.
SUBJECTS AND METHODS

Study design and population
The ARIC Study consists of a prospective cohort designed to identify causes and outcomes of cardiovascular disease in 15,792 individuals from 4 communities (Forsyth County, NC; Jackson, MS; suburbs of Minneapolis, MN; and Washington County, MD). Detailed descriptions of its study design, objectives, and procedures have been published elsewhere (9) . ARIC Study participants underwent interviews, fasting venipuncture, and anthropometric measurements at baseline and follow-up examinations. Trained interviewers ascertained basic demographic data, medical histories, and information about personal diet habits.
Self-reported alcohol consumption habits were ascertained at the baseline examination by means of an interviewer-administered dietary food-frequency questionnaire. Participants were asked whether they currently drank alcohol beverages and, if not, whether they ever drank alcohol beverages. Current drinkers were asked how often they usually drank wine, beer, or hard liquor, and the amount of alcohol consumed (in g/wk) was calculated with the assumption that 4 oz wine was equal to 10.8 g, 12 oz beer was equal to 13.2 g, and 1.5 oz liquor was equal to 15.1 g ethanol. For a drinker who reported ,1 drink/wk, alcohol consumption was recorded as 0 g/wk. The level of alcohol consumption in ARIC participants was general low (10) . In this study, current drinkers were further subclassified into 4 groups by quartiles with corresponding names as follows: rare drinkers (,26.0 g/wk), light drinkers (26.0-59.9 g/wk), low-moderate drinkers (60.0-135.5 g/wk), and moderate-high drinkers (.135.5 g/wk) (10, 11) .
Participants provided all of their medications for transcription by field-center staff. Race was self-reported. BMI (in kg/m 2 ) was calculated as weight divided by the square of height and measured by field-center staff. The estimated glomerular filtration rate (eGFR) was calculated by using the Chronic Kidney Disease Epidemiology Collaboration equation (12) . Cigarette smoking status was selfreported and categorized as a current and noncurrent smoker.
See Supplementary Material under "Supplemental data" in the online issue for detailed information about clinical endpoints. Definitions of prevalent and incident hypertension and heart failure (HF) were described previously (13, 14) . Briefly, hypertension was defined as systolic blood pressure $140 mm Hg or diastolic blood pressure $90 mm Hg or currently taking antihypertensive medication, and HF was defined by a clinical diagnosis or medication use for HF. Prevalent coronary heart disease (CHD) was defined by evidence of previous myocardial infarction (MI) by an electrocardiogram at baseline, self-reported history of physician-diagnosed MI, or a previous coronary reperfusion procedure (9) . The ARIC definition of hospitalized MI includes events that meet one of the following criteria: 1) an evolving diagnostic electrocardiography pattern, 2) a diagnostic electrocardiography pattern and abnormally elevated cardiac enzymes ($2 times normal), 3) cardiac pain and abnormal enzymes, 4) cardiac pain and slightly elevated enzymes (between upper limits of normal and twice upper limits of normal) and an evolving ST-T pattern or diagnostic electrocardiography pattern, and 5) abnormally elevated enzymes and an evolving ST-T pattern (15) . A hospitalized incident of MI was defined as one in a patient for whom the medical record either stated that there was no previous history of MI or did not contain any reference to a previous history of MI (15) . Incident hypertension was ascertained at each follow-up examination (3, 6 , and 9 y after the baseline visit) by blood pressure measurement and medication use. Incident HF and incident CHD were determined by contacting participants annually and surveying discharge lists from local hospitals and death certificates for potential cardiovascular events until 31 December 2008.
Serum metabolomic profiles were measured in a subsample of ARIC African American participants at the baseline examination who were randomly selected from the Jackson, MS, field center, consented for genetic research, provided dietary quality data, and fasted $8 h before the baseline exam (n = 1977). Metabolomic profiling was completed in June 2010 by using fasting serum samples that had been stored at 2808C since collection at the baseline examination in 1987-1989. An untargeted, gas chromatography-and liquid chromatography-mass spectrometry-based metabolomic quantification protocol was used to detect and analyze samples by Metabolon Inc (16, 17) . Summary assay procedures have been described in previous work (14) . This untargeted approach identifies and quantifies named compounds with unknown chemical identities as well as additional unnamed compounds that do not currently have a chemical standard. Only named compounds (n = 356) were included in the current study. Local institutional review boards approved the ARIC protocol, and all subjects gave written informed consent.
Statistical analysis
On the basis of both practical and theoretical considerations, the 356 named metabolites were divided into 3 groups according to their percentages of values that were missing or below the detection limit (m/bdl) for that metabolite in all participants (n = 1977). Group 1 contained metabolites (n = 308) with ,50% of observations with m/bdl values. Levels of group 1 metabolites were analyzed as a continuous variable with m/bdl values replaced by the lowest detected level. Group 2 contained metabolites (n = 29) that had a moderate number of m/bdl values (50-80% of observations). For group 2 metabolites, we considered m/bdl values as category 1, measured (ie, non-m/bdl) values below the median as category 2, and measured values above the median as category 3. Group 3 contained metabolites (n = 19) that had .80% of observations with m/bdl values, and we considered m/bdl values as category 1, whereas measured values were considered as category 2. During data analysis, levels of group 2 and 3 metabolites were analyzed as ordinal variables by using the previously mentioned categories in each group.
Data are presented as means (6SEs) for continuous variables and numbers (percentages) for categorical variables. Baseline characteristics were compared by using the chi-square test for categorical variables and 2-sample t test for continuous variables. The alcohol consumption volume was treated as an ordinal variable in all analyses (nondrinker: 0; rare drinker: 1; light drinker: 2; low-moderate drinker: 3; and moderate-high drinker: 4). In current drinkers, the type of alcohol beverage predominantly consumed was defined when the amount of ethanol of one type of beverage (wine, beer, or liquor) corresponded to two-thirds or more of the total amount of ethanol consumed (7, 11, 18) .
A schematic of analyses in this study is presented in Figure 1 . For the primary analysis, in all participants with metabolomic data, 1500 randomly selected participants were included in the discovery set, whereas the remaining 477 participants were included in the replication set. Linear regression analyses were conducted to estimate the relation of alcohol consumption habits with each metabolite in both discovery and replication sets. Adjustments include age, sex, BMI, current cigarette smoking status, and eGFR at baseline. b coefficients in linear models represented the change in SD units of each metabolite in group 1 or change in the categorical unit of each metabolite in groups 2 and 3 for each unit difference in the ordinal grouping of alcohol consumption (eg, light compared with low-moderate drinkers). The corresponding P-trend value across alcohol ordinal groups was also calculated. Linearity in associations of alcohol consumption with metabolite levels was examined and not rejected by comparing means across alcohol groups. With the introduction of a quadratic term of the ordinal alcohol variable in the previously mentioned linear regressions (data not shown), a possible J-shaped association was tested and rejected.
Statistical significance was prespecified with an experimentwise a = 0.05 (2 tailed). A modified Bonferroni procedure was used in the discovery set to consider correlations in metabolites and correct for multiple comparisons of metabolites (19, 20) . This adjustment took into account the full correlation matrix of metabolites and used the mean correlation in the metabolites in the formula, in which the new a level for the k th hypothesis for k = 1, 2, ., K was readjusted for each individual metabolite according to
where
and r jk is the correlation coefficient between j th and k th metabolites. When the average of correlation coefficients was zero, this adjustment was equivalent to the Bonferroni procedure, and when the average of correlation coefficients was one, adjusted and unadjusted P values were the same. For each metabolite level, the significance level for a 2-tailed test was set as 1.9 3 10 24 in the discovery set and 0.05 in the replication set.
In a secondary analysis, all participants were included (by combining discovery and replication sets) to assess additional details of alcohol-related associations, including that for the association between alcohol beverage types and metabolites as well as the sex-stratified analyses of alcohol relations with sexsteroid metabolites. An ANCOVA was conducted with a categorical independent variable (the type of alcohol beverage) and dependent group 1 metabolite variable, with adjustment for age, sex, BMI, current cigarette smoking status, and eGFR. A composite metabololomic score (MetScore) was created by summing the quartile ranks of alcohol-related metabolites belonging to the same metabolic subpathway (eg, g-glutamyl dipeptide). The association between the MetScore and established inflammation biomarker was assessed by partial correlations, with incident hypertension (interval-censoring data) by using Weibull parametric models and incident CHD and HF (right-censoring data) by using Cox proportional hazards regressions. For all analyses of alcohol-related associations, nondrinkers were treated as the reference group. A sensitivity analysis of the alcohol association with metabolites was done by adding the medication use of diuretics as a confounding variable in the model in all prevalent HF-free and CHD-free participants (n = 1823). All statistical analyses were performed with SAS version 9.2 software (SAS Institute).
RESULTS
Demographic characteristics for both discovery and replication samples are presented in Table 1 . In general, this sample of African Americans was middle aged and had a high prevalence of hypertension. As expected, participants from discovery and replication sets were similar. Compared with men, women had higher BMI and eGFR and were less likely to be current alcohol drinkers, current cigarette smokers, or have prevalent CHD.
In the 356 named metabolites (147 metabolites in lipid metabolism, 88 metabolites in amino acid, 42 metabolites in xenobiotics, 29 metabolites in peptide, 16 metabolites in carbohydrate, 14 metabolites in nucleotide, 12 metabolites in cofactors and vitamins, and 8 metabolites in energy-metabolism pathways), FIGURE 1. Analysis schematic. HF, heart failure; Supp., supplemental.
39 metabolites (37 group 1 metabolites and 2 group 2 metabolites) were identified in the discovery sample and replicated in the replication sample as significantly associated with alcohol consumption habits ( Table 2) . Alcohol consumption habits showed consistent associations with metabolite levels across discovery and replication sets. In general, greater alcohol consumption was associated with higher levels of a majority of metabolites, such as those in amino acid and lipid pathways, and with lower levels in g-glutamyl dipeptides. With consideration of those metabolites associated most strongly with alcohol consumption, each unit increase in the alcohol ordinal group was associated with a 0.27-SD higher level of 4-androsten-3b and 17b-diol disulfate 1 and with 0.18-SD lower levels of g-glutamyl valine and g-glutamyl leucine. Sex-stratified results of sex steroids are presented in Figure 2 , with the exclusion of subjects who were taking exogenous hormone-replacement medication (n = 1783), and results showed consistent findings between men and women.
See Supplementary Table 1 under "Supplemental data" in the online issue for the adjusted mean amounts by different types of alcohol beverage of the 37 group 1 metabolites significantly related to alcohol consumption. The directions of the difference in metabolite levels between nondrinkers (as a reference group) and consumers of different alcohol beverage types were generally consistent in magnitude. For most metabolites, liquor and beer consumers had larger differences in metabolite levels (compared with those of nondrinkers), whereas wine and nonpreference consumers had smaller differences. However, for a few amino acids (eg, 2-hydroxyisobutyrate and 5-oxoproline), the difference in levels in wine consumers from those in nondrinkers were in the opposite direction compared with changed levels in other drinkers. All 39 alcohol-related metabolites retained significance in the sensitivity analysis with an extra confounding variable of diuretics use in prevalent CHD-free and HF-free participants (all P , 1.5 3 10
25
). On the basis of structural and metabolic similarities, we identified several subpathways of metabolites, which are shown in Table 2 . Compounds 2-aminobutyrate, a-hydroxyisovalerate, 2-hydroxyisobutyrate, a-hydroxyisocaproate, and 2-hydroxy-3-methylvalerate are structurally similar to 2-hydroxybutyrate (AHB), and they are related to the branched-chain amino acid metabolism (Figure 3) . These metabolites, including AHB, were considered to be in an AHB related subpathway and were combined into a composite metabolomic score (MetScore_AHB). Compounds 1-palmitoleoyl-glycerophosphocholine, 1-stearoylglycerophosphoethanolamine, 1-pentadecanoyl-glycerophosphocholine, and 2-arachidonoyl-glycerophosphoethanolamine belong to a subpathway of lysophosphatidylcholines, which are a class of intermediate phospholipids in the metabolism of lipids. These compounds were combined into a composite metabolomic score (MetScore_LysoPC). Quartile ranks for 1-pentadecanoylglycerophosphocholine were reversed because it was the only identified and replicated lysophosphatidylcholine inversely associated with alcohol consumption. Compounds g-glutamyl valine, g-glutamyl phenylalanine, g-glutamyl leucine, g-glutamyl isoleucine, g-glutamyl tyrosine, g-glutamyl glutamate, and g-glutamyl alanine were metabolized in a g-glutamyl dipeptide subpathway, and these compounds were combined into a composite metabolomic score (MetScore_GLU). Metabolomic scores of these 3 groups of metabolites (ie, MetScore_GLU, MetScore_AHB, and MetScore_LysoPC) showed significant associations both with established biomarker of inflammation and multiple-incident cardiovascular diseases ( Table 3) .
Associations of alcohol consumption volume and type of alcohol beverages with these incident cardiovascular diseases did not reach significance (see Supplementary Figures 1 and 2 , respectively, under "Supplemental data" in the online issue). When we analyzed the shape of associations between quartile levels of alcohol-related metabolites and these incident cardiovascular diseases, no obvious J-shape association was shown (see Supplementary Figure 3 under "Supplemental data" in the online issue).
DISCUSSION
With the use of a mass spectrometry-based metabolomic profiling platform, we conducted the largest nonwhite metabolomic study in a well-characterized, population-based sample of African Americans and evaluated associations of alcohol consumption habits with the fasting serum metabolome. Unique metabolomic biomarkers of alcohol consumption were identified and replicated. A MetScore that consisted of summary information from a priori defined subpathways was associated with biomarker of inflammation and multiple incident cardiovascular diseases. To our knowledge, these data suggest new aspects of important roles inflammation and oxidation play in the association of alcohol consumption habits with these metabolites and perhaps with disease.
The g-glutamyl dipeptides were significantly and inversely associated with alcohol consumption habits. The g-glutamyl 1 Group 2 metabolites with the percentage of values that were missing of below the detection limit from 50% to 80%. We considered these missing or below the detection limit values as category 1. For the measured values (non-missing or below the detection limit), we considered values below the median as category 2 and values above the median as category 3. These categories formed an ordinal variable, and it was used during data analysis. Alcohol consumption habit was treated as an ordinal variable in all analyses (nondrinker: 0; rare drinker: 1; light drinker: 2; low-moderate drinker: 3; and moderate-high drinker: 4). Data were calculated by using general linear models after adjustment for age, sex, BMI, kidney function measured by using the estimated glomerular filtration rate, and current smoking status. AHB, 2-hydroxybutyrate; ARIC, Atherosclerosis Risk in Communities.
dipeptides are the products of the transpeptidation from g-glutamyl transpeptidase (22) and are biosynthesized through a reaction with g-glutamyl cysteine synthetase (23) . Serum levels of g-glutamyl dipeptides are indicative of the production of glutathione (23), which is a major endogenous antioxidant (Figure 3 ). Chronic alcohol abuse decreases glutathione levels via oxidative stress (24) . Previous studies have shown that decreased glutathione is a risk factor for multiple chronic diseases (25, 26) , but little is known about g-glutamyl dipeptides and human disease. In our study sample, a MetScore_GLU showed inverse associations with the baseline biomarker of inflammation and longitudinal associations with lower risk of incident CHD and HF over decades of follow-up.
AHB-related metabolites were positively associated with alcohol consumption. AHB is a by-product in the methionineto-glutamyltathione pathway (Figure 3) , and its production is directly related to the rate of hepatic glutathione synthesis as oxidative stress increases (27) . AHB has been reported to be a novel biomarker of insulin resistance perhaps via oxidative stress (28, 29) . Other metabolites in this AHB-related pathway Metabolic pathways featuring g-Glu dipeptides and AHB. The metabolites in the g-glutamyl peptide pathway (in the left box) were negatively related to alcohol consumption; 2-hydroxybutyrate and branched-chain a-keto acids (in the right bottom boxes, AHB-related metabolites) were positively related to alcohol consumption. BC, branched chain; AHB, 2-hydroxybutyrate; TCA, tricarboxylic acid; g-Glu, g-glutamyl.
are those in the branched-chain amino acid pathway (Figure 3) , and they may also be predictors of insulin resistance and glucose intolerance (30) . As expected, the MetScore_AHB showed a significant and positive association with prevalent biomarker of inflammation and oxidative stress as well as positive associations with incident hypertension and incident CHD, which supported the hypothesis that AHB and its related metabolites serve as an oxidative mediator of associations of alcohol with disease.
In the metabolomic data reported in the current study, alcohol consumption was positively associated with most lysophosphatidylcholines (ie, 1-palmitoleoyl-glycerophosphocholine, 1-stearoyl-glycerophosphoethanolamine, and 2-arachidonoylglycerophosphoethanolamine) except 1-pentadecanoyl-glycerophosphocholine, which was inversely associated. Lysophosphatidylcholines are products of phospholipase A2 enzyme activity and have a direct role in toxic inflammatory responses in a variety of organ systems (31) . Lysophosphatidylcholines are one of the major byproducts of phospholipid oxidation (32) , which may play a role in atherosclerotic plaque characteristics (33) . The MetScore_LysoPC showed a positive relation with the biomarker of inflammation as well as incident CHD after an average 17 y of follow-up.
All of the identified and replicated metabolites in the amino acid pathway showed positive associations with alcohol consumption, except for 5-oxoproline. 5-Oxoproline is a product of g-glutamyl dipeptides via the enzyme g-glutamyl cyclotransferase. Therefore, it follows that alcohol consumption is most likely associated with lower levels of 5-oxoproline because alcohol consumption lowers the levels of its precursors (ie, g-glutamyl dipeptides).
Established metabolomic biomarkers of alcohol consumption emerged as a positive control in our study. Concentrations of the long-chain unsaturated fatty acids were uniformly and positively associated with alcohol consumption in our study, which was consistent with previous reports with the hypothesis that the increased concentration of unsaturated fatty acids mediates the protective effect of moderate alcohol drinking on cardiovascular diseases (34, 35) .
The 2 sex steroids 4-androsten-3b,17b-diol disulfate 1 [which is a testosterone precursor (36) ] and 5a-androstan-3b,17b-diol disulfate [which is a metabolite from dehydroepiandrosterone and dihydrotestosterone (37) ] were identified and replicated to be positively associated with alcohol consumption. Sex-stratified results showed consistent associations with alcohol consumption for these 2 sex steroids between men and women ( Figure 2 ). Although similar results were reported in European women (38, 39) , to our knowledge, this is the first study to report associations of alcohol consumption with blood sex-hormone concentrations in a large sample of African Americans. Alcohol might influence sex-steroid concentrations through several mechanisms (38) such as the hypothalamic-pituitary-adrenal axis (40) . Alcohol use may increase breast cancer risk in women (41) and prostate cancer risk in men (42) at least partially through an effect on sex-steroid concentrations (43, 44) . Therefore, an examination of the relation between alcohol consumption and sexsteroid concentrations might be of interest for future studies of breast and prostate cancer risk.
It has been reported that moderate alcohol consumption may have a causal protective effect on cardiovascular disease. Protective associations of alcohol consumption have been reported primarily in studies of whites (45) (46) (47) but rarely in studies of African Americans. The mechanism of any such protective effects is contentious, and a multitude of risk-raising (eg, via AHBrelated and lysophosphatidylcholines pathways) and risklowering (eg, g-glutamyl dipeptides) pathways are likely implicated. A possible J-shaped relation between alcohol consumption and disease has been widely discussed (48, 49) . In the current study, associations of alcohol consumption volume with incident hypertension and incident HF showed a suggestive J shape (see Supplementary Figure 1 under "Supplemental data" in the online issue). The relation between alcohol consumption and 1 Five metabolites structurally similar to 2-hydroxybutyrate and related to the branched-chain amino acid metabolism, including 2-hydroxybutyrate, were considered to be in an 2-hydroxybutyrate-related subpathway and were combined into a composite metabolomic score MetScore_AHB. Compounds belonging to a subpathway of lysophosphatidylcholines were combined into a composite metabolomic score MetScore_LysoPC. Compounds g-glutamyl valine, g-glutamyl phenylalanine, g-glutamyl leucine, g-glutamyl isoleucine, g-glutamyl tyrosine, g-glutamyl glutamate, and g-glutamyl alanine were metabolized in a g-glutamyl dipeptide subpathway and were combined into a composite metabolomic score MetScore_GLU. The association between metabolomic scores and disease biomarkers was assessed by using partial correlations, with incident hypertension (interval-censoring data) by using Weibull parametric models and with incident coronary heart disease and heart failure (right-censoring data) by using Cox proportional hazards regressions. All analyses were adjusted for age, sex, BMI, and kidney function measured by using the estimated glomerular filtration rate. P , 0.05 was significant. MetScore_AHB, a composite metabolomic score for AHB and metabolites in an AHB-related pathway; MetScore_GLU, a composite metabolomic score for metabolites in g-glutamyl dipeptide pathway; MetScore_LysoPC, a composite metabolomic score for phospholipids.
2 All values are Pearson's partial correlation coefficients (g). 3 All values are HRs.
metabolite levels (tested by a quadratic term of the alcohol variable; data not shown) or the relation between MetScores and incident cardiovascular diseases (see Supplementary Figure 3 under "Supplemental data" in the online issue) did not support a J-shaped relation. We identified one targeted metabolomic study of alcohol consumption from a European white population (50) that had limited data on amino acids, sphingolipids, and lysolipids. In that study and the data reported in the current study, amino acid and sphingolipid levels were not related to alcohol consumption, and a subset of lysolipids (eg, 1-palmitoleoylglycerophosphocholine) was related to the alcohol consumption volume.
We used an untargeted bottom-up metabolomic approach with no previous assumptions to maximize the novelty of our findings, and the well-defined ARIC Study enabled us to verify our hypothesis of an intermediate effect of alcohol-related metabolites on disease by using longitudinal data. However, there are several aspects of this work that should be explored further, such as whether these results would be similar in other race groups and how the pattern of consumption (eg, binge drinking or regular frequency) would influence the results presented in this study. Because of the ARIC Study design, we were unable to separate effects of ethanol itself from effects of the nonalcoholic content of alcoholic beverages or address the question about whether the type of alcoholic beverage consumed influences changes in the intestinal microbiota. A potential measurement bias in alcohol consumption from the questionnaire was also of note. Nevertheless, our study was valuable as one of the first populationbased research on metabolomic measures of usual alcohol consumption, providing a solid starting point for future research in this area.
In conclusion, this study identified and replicated metabolomic biomarkers of alcohol consumption in well-defined samples of African Americans from the ARIC Study. In addition, we showed that metabolomic biomarkers may provide insight into the underlying pathophysiologic mechanisms relating alcohol consumption to disease, especially inflammation and oxidative stress. The 3 subpathways identified in our analysis (ie, AHB-related metabolites, g-glutamyl dipeptides, and lysophosphatidylcholines) emphasized the important role of inflammation in associations of alcohol with cardiovascular disease, although additional population and experimental studies are warranted. These data support the application of metabolomic technologies to better understand the complex relation between usual alcohol consumption habits and health and disease.
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